Introduction
The activation and differentiation of naive CD4 þ T cells into helper T cells is a critical checkpoint for the regulation of immune responses. Naive CD4 þ cells may differentiate along at least two separate pathways. Thus, they may give rise to type 1 helper T cells (Th1 cells), which are defined by the secretion of cytokines including interferon (IFN)-g, or type 2 helper T cells (Th2 cells), which are stereotypically defined by the generation of interleukin (IL)-4, in addition to IL-5, IL-6 and IL-13. The defining cytokine profiles of Th1 and Th2 cells determine their role in regulating immune responses, 1 and therefore the Th1/Th2 paradigm has become a model for how regulation of a single-cell fate decision can influence immunological outcomes. Inappropriate generation of Th1/Th2 cells may result in immune dysfunction and disease.
The most clearly defined influence affecting the Th cell fate decision is the composition of the cytokine microenvironment during T-cell activation (reviewed in O'Garra 2 ). Thus, the generation of Th1 cells is critically driven by the presence of IL-12, 3 with additional contributions from IL-18. 4 In contrast, the key determinant of Th2 differentiation is the availability of IL-4. 5 The action of these critical cytokines is characterized by reciprocal inhibition of opposing Th subsets and progressive stabilization of developing Th populations. 2 In addition, Th cell fates may also be influenced by features of the T cell-APC interaction such as the APC cell type, 6 relative strength of TCR signalling, 7 ligation of specific costimulatory receptors 8 and organization of membrane microdomains. 9 Ultimately, all of these regulatory influences are integrated in the nucleus by the recruitment of Th subsetspecific transcription factors at conformationally receptive chromatin (reviewed in O'Garra and Arai 10 ), in order to initiate the expression of defining cytokine genes.
Many regulatory influences are genetically encoded, and analysis of genetically modified animals has been of importance in determining the role of specific genes. In addition, it has long been recognized that some inbred strains of mice display an inherent tendency towards polarized Th differentiation. Thus, BALB/c mice are characterized by a genetic predisposition to Th2 immune responses and high T-cell IL-4 production, while, in contrast, C57BL/6 (B6) mice preferentially generate Th1 responses with low IL-4 production. 11 Recently, genetic mapping methodologies based upon linkage analysis have been applied to inbred strains of mice in order to identify genes that may regulate phenotype expression, without prior assumptions regarding gene function. Such an approach has been employed in the analysis of T-cell differentiation. For example, analysis of in vivo resistance to infection by Leishmania, which is correlated with a healing Th1 immune response, has suggested that multiple genetic loci may regulate Th differentiation. 12, 13 In vitro studies of Th1 differentiation have identified a single locus, on mouse chromosome 11 that mediates CD4 þ cell responsiveness to IL-12.
14 Similarly, mapping studies have attempted to dissect the in vitro regulation of Th2 differentiation, and have implicated a chromosome 7 locus in the regulation of T-cell IL-4 secretion. 15 However, in general, the application of linkage analysis alone only provides sufficient resolution to identify chromosomal regions that may span several cM and contain hundreds of candidate genes.
Here, we employ complementary genetic techniques in order to identify candidate genes that regulate the in vitro default IL-4 secretion profiles of T cells from BALB/c and B6 mice. We have employed two different approaches to enhance our ability to pinpoint specific genes. Firstly, we performed a genome-wide linkage analysis of the progeny of a backcross between BALB/c and B6 mice and identified three loci, denoted T-cell secretion of interleukin-4 (Tsi)1-3, on chromosomes 7, 19 and 15, respectively, which regulate in vitro T-cell IL-4 production. Secondly, we utilized mRNA representational difference analysis (RDA), 16 to isolate a gene, Flj20274, which is differentially expressed in T cells that secrete high levels of IL-4. Flj20274 was clearly mapped to the region of peak linkage within Tsi1. We propose that the combination of linkage and expression analysis identifies Flj20274 as the candidate gene within Tsi1, and a key regulator of in vitro T-cell differentiation.
Results

Activated CD4
þ cells from BALB/c and B6 display polarized IL-4 secretion profiles CD4 þ cells were purified from splenocytes of 6-to 8-week-old BALB/c and B6 mice by negative selection of cells expressing Class II, CD8 and FcgRII/III. CD4 þ cells were activated in in vitro microcultures, in the absence of exogenously added cytokines, by immobilized anti-CD3z monoclonal antibody and Chinese hamster ovary (CHO) cells, transfected to stably express the costimulatory molecule B7-1. 17 The concentration of T-cell-secreted IL-4 in culture supernatants was determined by sandwich ELISA, after 72 h culture. Examination of CD4 þ cells from BALB/c and B6 mice revealed clearly divergent IL-4 secretion patterns (Figure 1a ). BALB/c T cells generated approximately 900 pg/ml IL-4, while B6 T cells yielded IL-4 concentrations of less than 50 pg/ml. Analysis of Figure 1a) , suggesting a partially dominant inheritance of the IL-4 secretion phenotype, in keeping with previous observations. 15 Assays were performed over multiple separate occasions, with mice from different litters to ensure rigorous reproducibility of phenotype assignment during subsequent genetic analysis. Also, proliferation of cultured cells was confirmed by incorporation of tritiated thymidine, to ensure that low levels of IL-4 secretion were not due to failure of activation (data not shown).
Linkage analysis identifies three loci, Tsi1-3, which are associated with high levels of T-cell IL-4 production We generated a cohort of 276 (BALB/c Â B6) Linkage analysis of T-cell IL-4 production P Choi et al genotype each backcross mouse, at defined chromosomal regions. In all, 83 markers were chosen, such that 94% of the genome was within 20 cM of an informative marker. Identification of genomic regions linked with T-cell IL-4 secretion was performed by two methods. Firstly, cosegregation of individual genomic markers with the IL-4 phenotype, within the backcross cohort, was analysed. At each autosomal marker, mice were classified as either BALB/c-homozygous or BALB/c-heterozygous, and the distribution of IL-4 phenotypes within each group was compared by a nonparametric t-test. Secondly, a classical whole genome linkage analysis was performed using MAPMAKER/QTL software. 18 The results of both analyses were similar ( Figure 3 and Table 1 ). Three loci, on chromosomes 7, 19 and 15, respectively, denoted as Tsi1-3, satisfied accepted criteria for genome-wide significance of linkage. 19 The BALB/cderived alleles of Tsi1 and Tsi2 conferred high IL-4 secretion phenotypes, whereas Tsi3 was noted to be a transgressive locus, with the B6 allele being associated with high IL-4 production.
The production of IL-4 is contingent on T-cell activation, a process that occurs concurrently with proliferation at a population level. Therefore, the possibility existed that the identified genetic regions, which were postulated to regulate IL-4 production, might simply reflect underlying proliferative responses of the T cells as they secrete IL-4. In this case, a correlation between IL-4 phenotype and proliferation would be expected. A wide variation in proliferation counts among backcross mice was noted, but T-cell IL-4 secretion was not correlated with the proliferative response of cultured cells (Spearman's rank-order score À0.2) (data not shown). Moreover, formal analysis of the distribution of proliferative responses amongst backcross mice did not demonstrate linkage to Tsi1-3.
Tsi1-3 make additive contributions to T-cell IL-4 secretion phenotype Tsi1-3 accounted for 24.0, 25.3 and 20.4%, respectively, of the phenotypic variance within the cohort of experimental mice, as calculated by MAPMAKER/QTL analysis. We also examined the individual contributions of Tsi1-3 to the overall T-cell IL-4 secretion phenotype by analysis of test mice that had inherited specific combinations of the high IL-4-conferring alleles of Tsi1-3 ( Figure 4 ). Mice possessing one, two or three of the appropriate alleles at Tsi1-3 displayed progressively higher mean T-cell IL-4 secretion phenotypes, with increasing number of phenotype-conferring alleles inherited. Any single locus of Tsi1-3 was able to equally elevate IL-4 secretion above background, and any combination of two appropriate alleles of Tsi1-3 resulted in equal IL-4 secretion phenotypes (data not shown). Therefore, none of the loci Tsi1-3 are individually necessary for high IL-4 secretion, but each makes an additive contribution to the overall phenotype.
However, Tsi1-3 together did not account for the entire variability in IL-4 secretion witnessed within the cohort of backcross mice. Test mice bearing none of the high Linkage analysis of T-cell IL-4 production P Choi et al IL-4-conferring alleles of Tsi1-3 generated a significantly higher IL-4 concentration than parental B6 mice, and test mice inheriting all three appropriate alleles of Tsi1-3 did not reach the IL-4 secretion phenotype of BALB/c mice ( Figure 4 ). In addition, MAPMAKER/QTL analysis demonstrated that 30% of the phenotypic variance within backcross mice was not attributable to Tsi1-3. This probably reflects the presence of additional regulatory genes, whose individual contribution to phenotype was insufficient to allow detection.
CXB10 mice are suitable for use in RDA because they display similar IL-4 secretion profiles to BALB/c In order to identify specific genes within Tsi1-3 that might regulate Th2 differentiation, we elected to isolate sequences that were differentially expressed in high IL-4-producing T cells, relative to low IL-4-producing T cells, using mRNA RDA. 16 The technique of RDA is based upon the premise of subtractive hybridization, and is thus more efficient when the compared genetic materials are similar. Therefore, we decided to employ a CXB recombinant inbred strain, rather than BALB/c, to test against B6 for our RDA analysis. CXB mice have been generated by successive brother-sister matings of the F 2 progeny of BALB/c and B6, and the genomic mix of each CXB strain therefore contains a random assortment of approximately 50% BALB/c-derived genes and 50% B6-derived genes. 20 Previous investigation has shown that the T-cell IL-4 production of different CXB strains varies widely, in a range that recapitulates the distribution of IL-4 production from BALB/c, B6 and F 1 mice (P Choi and H Reiser, unpublished data). We demonstrated that activated T cells of CXB10 generated high levels of IL-4, which are equivalent to the levels of IL-4 secreted by T cells of BALB/c (Figure 1b) . CXB10 was therefore assumed to possess the BALB/c-derived genes necessary Linkage was to the B6 allele (transgressive) rather than to the BALB/c allele.
Linkage analysis of T-cell IL-4 production P Choi et al for early IL-4 competency, while sharing many genomic regions with B6 and thus reducing the complexity of RDA.
RDA identifies Flj20274 as overexpressed in high IL-4-secreting CD4
þ T cells Purified CD4 þ T cells from CXB10 and B6 mice were activated as described. Messenger RNA was extracted from cells after 72 h culture, and used to generate double-stranded cDNA to initiate the process of RDA. No detectable RNA was obtained from cultures of fixed CHO transfectants alone (data not shown). An excess of B6 driver cDNA was hybridized with CXB10 cDNA sequences in two cycles of subtraction. Fragments that remained following subtractive hybridization were selectively amplified, cloned and sequenced for identification. Two sequences, isolated separately in the RDA, were identified as regions of the gene encoding putative protein FLJ20274 (Genbank accession number BC004776). Further investigation of Flj20274 revealed the presence of a 349 bp genomic deletion in the BALB/c and CXB10 alleles, relative to B6. This deletion, which is located in the long 3 0 -untranslated region of the cDNA sequence, results in the loss of a single repeat of the consensus AUrich element (ARE) that is able to trigger enzymatic degradation of mRNA. 21 Enhanced message stability may be one mechanism to account for the differential expression level of Flj20274 in BALB/c T cells compared with B6 T cells.
Correlation of expression analysis and linkage analysis suggest that Flj20274 is the candidate gene at Tsi1 and a potential regulator of T-cell IL-4 secretion
In view of our demonstration of a genomic deletion in the BALB/c variant of Flj20274, we were able to examine directly whether the isolation of Flj20274 by RDA could be correlated with linkage analysis. All 276 (BALB/ c Â B6) F 1 Â BALB/c backcross mice were screened for the Flj20274 polymorphism by genomic PCR and the data were incorporated into the results of microsatellite screening ( Figure 4 and Table 1 ). We observed that Flj20274 mapped to the area of peak linkage within Tsi1 and indeed enhanced the linkage scores obtained and narrowed the QTL profile at this region (Figure 4) . The location of Flj20274 at the peak of Tsi1 was further supported by mapping with a T31 hamster/mouse radiation hybrid panel to the identical region of chromosome 7, with Lod score 415 (data not shown). Thus, identification by RDA and demonstration of overexpression of Flj20274 has been correlated with linkage analysis, suggesting that Flj20274 is the critical gene within the Tsi1 locus.
Discussion
In this study, we have mapped T-cell IL-4 production to three loci, Tsi1-3, in a cohort of (BALB/c Â B6) F 1 Â BALB/c backcross mice. Tsi1 may be related to previously described loci. 13, 15 Tsi2 and Tsi3 represent novel chromosomal intervals. We have provided evidence that these three loci account for 70% of the phenotypic variance within our test mice, that no single locus is necessary and that each interval confers approximately equal individual additive effects to the overall T-cell IL-4 production capability of individual mice.
Tsi1, a chromosome 7 locus, lies close to two previously identified loci, linked to resistance to Leishmania 13 and in vitro IL-4 production (determination of IL-4 commitment 2; Dice 2). 15 This replication of linkage in different experimental crosses, in the context of interrelated traits, strongly suggests that Tsi1 plays a true role in T-cell phenotype regulation, and has not been artefactually identified. The most significant finding of this study is the identification of the gene encoding putative protein FLJ20274 from high IL-4-expressing T cells by RDA, and demonstration that Flj20274 maps to and enhances the peak linkage of Tsi1. We propose that the combined demonstration of enhanced expression and linkage to the IL-4 phenotype suggest Flj20274 as a candidate for the regulatory gene at Tsi1/Dice2.
We have confirmed that Flj20274 is overexpressed in activated BALB/c T cells relative to B6 by real-time RT-PCR and one possible mechanism to account for this differential expression level may be the enhanced message stability that arises from the deletion of the consensus ARE, which initiates enzymatic mRNA degradation. 21 Formal RNA stability assays are required to test this hypothesis.
The function of FLJ20274 is presently unknown. A single open-reading frame may be translated to generate a hypothetical protein of 350 amino acids, which contains a bipartite nuclear localization motif, characteristic of proteins that are translocated from the cytoplasm to the nucleus. 22 In addition, homology searching identified an RNA-binding THUMP domain. 23 These two motifs together suggest a role for FLJ20274 protein in gene regulation. However, further study is required to examine the functional role of FLJ20274 in T-cell differentiation. The formal possibility exists that linkage to Tsi1 may also be affected by polymorphisms of the gene encoding the alpha subunit of the IL-4 receptor (IL-4Ra), which is situated on chromosome 7. Differences in downstream signalling events following IL-4R ligation result in differential Th cell lineage commitment. 24 Polymorphisms in the IL-4Ra sequence are sufficient to alter Th2 disease phenotypes. 25 However, the BALB/c variant of IL-4Ra exhibits amino-acid substitutions, which result in less avid ligand binding and more rapid ligand dissociation, compared to the B6 variant. 26 As a result, the B6 IL-4Ra genotype is associated with an enhanced IL-4 secretion phenotype, 25 in contrast to Tsi1, where the BALB/c genotype confers increased IL-4 secretion. It is therefore unlikely that IL-4ra gives rise to the linkage we detect at Tsi1.
We also identified two further loci that were not correlated with genes identified by RDA. We have provided genetic evidence that a previously unidentified chromosome 19 locus, Tsi2, is strongly linked to T-cell IL-4 secretion. A number of potential candidate genes, including Jak2, the transcription factor genes Hfh6 and Zfp216, and Smarca2, a gene that affects chromatin structure, exist within the boundaries of Tsi2. We have also identified a transgressive chromosome 15 locus, Tsi3, which is associated with IL-4 production, where the B6 allele contributes to the high levels of IL-4, rather than the BALB/c allele. The presence of a transgressive locus, witnessed in the context of other phenotypes, 27 may explain how some backcross mice are able to generate higher levels of IL-4 than parental BALB/c mice. A chromosome 15 locus was associated with resistance to Leishmania in a serial backcross of B10.D2 mice onto a BALB/c background. 13 This locus is unlikely to be analogous to Tsi3. Firstly, the two loci are separated by at least 35 cM. Moreover, susceptibility to Leishmania, the correlate of Th2 differentiation, was conferred by the BALB/c allele, whereas IL-4 production at Tsi3 is conferred by the B6 allele. However, a chromosome 15 locus, Bhr2, identified by analysis of bronchial hyperresponsiveness in (A/J Â B6) F 1 Â B6 backcross mice, has been mapped to a region of chromosome 15, close to Tsi3. 28 Potential candidate genes within Tsi3 include Ptk2 (protein tyrosine kinase 2) and Sox10 (SRY-box containing gene 10).
Interestingly, we found no linkage to two genetic regions that have previously been demonstrated to determine Th cell differentiation. Firstly, no linkage to chromosome 11, which contains the IL-4/IL-13 gene cluster, was identified in our study. However, it is unlikely that polymorphism of the IL-4 gene underlies the differential IL-4 secretion profiles of BALB/c and B6, as the coding region of IL-4 in these strains encodes identical proteins, 29 and we have determined that the IL-4 promoter region, up to 500 bp upstream of the transcription initiation site, is identical in BALB/c and B6 (data not shown). Tpm1, a chromosome 11 locus, which is close to but genetically distinct from the IL-4 gene has been linked to in vitro IL-12 responsiveness.
14 Tapr, a locus that regulates mouse airway hyperreactivity and Th2 differentiation, has also been identified in a similar region using chromosome 11 congenic mice, which were derived from BALB/c and DBA/2. 30 These findings are not inconsistent with our own. It is possible that the genetic contributions from chromosome 11 loci are strain specific and did not contribute sufficient phenotype dosage, relative to Tsi1-3, to become apparent in our experimental cross. Secondly, we did not detect linkage to chromosome 16 locus, Dice 1, which was the major genetic determinant of IL-4 production in a backcross analysis of the progeny of BALB/c and B6. 15 This may reflect the fact that the methodology of the two studies differed. We examined IL-4 production in primary culture, whereas Dice 1 was identified as a determinant of IL-4 secretion from secondary restimulation. In addition, Dice 1, which accounted for 27% of variance in a B6 backcross, may require specific epistatic interactions that were not present in our BALB/c backcross, for full phenotypic expression.
In summary, we have performed a linkage analysis of the progeny of BALB/c and B6 and identified three genetic loci, Tsi1-3, which were strongly linked to in vitro Th2 differentiation. Tsi1-3 made additive contributions to the overall IL-4 secretory potential of individual mice. We also isolated the anonymous gene Flj20274 by RDA, in the context of high IL-4 secretion. We confirmed overexpression of Flj20274 by real-time RT-PCR, and mapped the gene to the peak of linkage of Tsi1. The combination of linkage and expression analysis strongly suggests that Flj20274 is the key regulator of Th2 differentiation at Tsi1.
Materials and methods
Mice BALB/c and B6 mice were obtained from Harlan Olac (Bicester, UK). CXB10 mice were supplied by The Jackson Laboratory (Bar Harbor, ME, USA). All mice were specified pathogen free, and bred and maintained in the Biological Services Unit, Hammersmith Campus, Imperial College Faculty of Medicine, according to guidelines approved by the UK Home Office. (BALB/ c Â B6) F 1 hybrids and (BALB/c Â B6) F 1 Â BALB/c backcross progeny were produced by local breeding. Mice were killed at 6-8 weeks of age for all assays.
T-cell activation assay T cells were purified and cultured as described previously. 31 Briefly, CD4 þ splenocytes were purified by negative selection of cells expressing Class II, CD8 and FcgRII/III using monoclonal antibodies M5/114, ADH4 and 2.4G2, respectively. A total of 2.5 Â 10 5 CD4 þ cells was cultured with 2.5 Â 10 4 paraformaldehyde-fixed CHO B7-1 cells 17 and 2 mg/ml anti-IL-12 mAb (R þ D, Abingdon, UK) in plates pre-coated with 5 mg/ml anti-CD3 145-2C11. Cultures were incubated for 72 h. Supernatant (150 ml) was removed and stored at À20 1C prior to IL-4 assay by sandwich ELISA, using anti-IL-4 mAb 11B11 and biotinylated anti-IL-4 mAb 24-G2. Tritiated thymidine (1 mCi) was added for the final 6 h of T-cell culture to assess T-cell proliferation.
Microsatellite screening
Genomic DNA was extracted from earsnips according to the hotSHOT protocol. 32 All PCR reactions were performed using Biotaq polymerase (Bioline, London, UK), in Omnigene 96-well microtitre plates (ThermoHybaid, Ashford, UK) fitted with Omniseal silicone rubber mats (ThermoHybaid) and cycled with Tetrad DNA Engines (MJ Research, Watertown, MA, USA). PCR reaction conditions were empirically judged for each marker. Full details are available from the authors. PCR products were electrophoresed on horizontal 3% Metaphor agarose (Flowgen, Ashby de la Zouch, UK) or vertical 15% non-denaturing acrylamide gels (Anachem, Luton, UK).
Representational difference analysis
Total RNA was extracted from cultured T cells using TriReagent (Sigma-Aldrich, Poole, UK) and mRNA was purified using Oligotex oligo-dT-conjugated latex beads (Qiagen, Crawley, UK), according to the manufacturer's instructions. First-strand, then double-stranded cDNA, was synthesized with Superscript II reverse transcriptase (Life Technologies, Paisley, UK), and Escherichia coli DNA ligase/DNA polymerase I (Life Technologies), respectively. RDA was performed according to a modification 33 of the protocol of Hubank and Schatz. 16 Briefly, two cycles of subtractive hybridization were performed at B6 driver : CXB10 tester ratios of 100 : 1 and 800:1, using the oligonucleotide adaptors described in the original protocol. cDNA sequences isolated by RDA were cloned using an Original TA cloning kit (Invitrogen, NV Leek, Netherlands), according to the manufacturer's instructions. Cloned fragments were sequenced with Big Dye kits (Applied Biosystems, Warrington, UK) and electrophoresed upon ABI 377 sequencers (Applied Biosystems).
The identity of fragments isolated by RDA was analysed by on-line submission to the BLASTn search facility of NCBI (www.ncbi.nlm.nih.gov/), and compared against the Genbank database, using simple and gapped search protocols.
Real-time RT-PCR
The SuperScript First-Strand Synthesis system for RT-PCR (Invitrogen, CA, USA) was used to synthesize cDNA in a 20 ml reaction containing 1 mg of total RNA and 0.5 mg oligo(dT)12-18 according to the manufacturer's instructions. SYBR-Green PCR Mastermix (Applied Biosystems) was used to amplify 5 ml of cDNA in a 25 ml reaction. Two specific reactions were performed, one for Flj20274 using FLJ-1869F (TGGTAAGCCAGAC CAAGAAGATAT) and FLJ-1954R (ATTAGCAAGG TACTGCCTATTCTC); and the other for the control, b-actin, using ACT-324F (CACACCTTCTACAATGAG CTGCG) and ACT-400R (TTAGGGTTCAGGGGGGCCT CGGT). After an initial 95 1C for 10 minutes, 40 cycles of 95 1C for 15 s and 60 1C for 1 min were performed using an Applied Biosystems 7700 machine. All reactions were performed in triplicate. A standard curve was constructed by serial dilution of template for each assay. Data were normalized to the B6 strain.
Computer software Statistical analysis was performed using Microsoft Excel 98 or GraphPad PRISM s version 2.00 for Mac OS (GraphPad Software, CA, USA). MAPMAKER/QTL 18 was used to perform quantitative trait locus analyses (http://www-genome.wi.mit.edu/).
